protocol IntroDuctIon
Overview Sensing the direction of the Earth's gravitational field is essential for the spatial orientation of animals. Gravity perception requires mechanosensory neurons that are specialized for sensing minute displacement. In Drosophila, a cluster of mechanosensory neurons in Johnston's organ (JO), which is located in the second antennal segment, serves as a major gravity detector 1, 2 . Although JO houses another group of JO neurons that respond preferentially to sound stimuli, the gravity-sensing JO neurons feed into distinct neural pathways in the brain from those of the sound-sensing JO neurons [1] [2] [3] . To understand the mechanisms underlying gravity sensing, there are still numerous questions to be answered, e.g., how the neural circuits responsible for gravity perception are organized, how the primary sensory neurons encode gravitational stimuli, how higherorder neurons decode such signals and what kind of molecules support the functions of gravity-sensing neurons. These questions can be addressed, in principle, by screening for the genes or neural circuits that are necessary for the animals' responses to gravity. Here we describe a protocol that gives robust and reliable behavioral data for quantifying the flies' ability to respond to gravity. With its rather simple manipulation, it would serve as a convenient tool for high-throughput screening such as genome-wide RNAi assay and systematic neural functional perturbation.
Assays in gravitactic behavior
Flies have a tendency to walk up against Earth's gravitational field when they get agitated, which is known as negative gravitaxis or geotaxis 4 . For its robustness, this behavior has been studied intensively as a model for showing hereditary components of gravity sensation [5] [6] [7] [8] [9] . As a result, several assays have been developed to measure this response. The simplest assay is just to knock off the flies to the bottom of a cylinder and to count the flies that can climb up to the top after a certain time period 2, 10 . Although it is easy to distinguish gravity-insensitive flies from normal flies with this assay, a drawback lies in its difficulty to quantify intermediate phenotypes with modest disturbance in gravity sensing.
To quantify negative gravitaxis 11, 12 with more accuracy, Benzer 11 modified the simple assay mentioned above by increasing the number of the tubes. In this assay, flies are distributed into six tubes by giving them the choice five times to stay or climb up the side of the tube. After the assay, flies are distributed into six tubes depending on how many times (between 0 and 5 times) they climbed up. If the population of the flies is genetically homogeneous, and if each fly acts independently and has a constant probability of climbing up in all trials, the final distribution of the flies is expected to match a binomial distribution 11 . In fact, by comparing measured distributions to binomial distributions with the measured partition coefficient Cf (the actual probability that flies climb up the tubes (See below)), it has been confirmed that the distribution of intact wild-type flies and gravity-insensitive flies can be regarded as binomial 1, 11 . Therefore, by calculating partition coefficient Cf we can quantify the negative gravitaxis of flies. This device is called the countercurrent apparatus for its analogy with the countercurrent distribution.
Definition of Cf where N k is the number of the flies in the kth tube.
Vertical phototaxis assay as control experiment for gravitactic behavior As flies have to climb up the wall to show their ability in gravity sensing, it is highly likely that the observed phenotype may also be affected by the flies' disability in locomotion. If motor neurons or motor coordination systems of the brains are affected, flies may not climb up even if they can sense gravity perfectly. Also, because the flies should be agitated to show the clear negative gravitaxis response, flies with low agitation level may not climb up even if they have normal gravity-sensing ability. To avoid these falsepositive conclusions, we can use the same countercurrent apparatus to examine their locomotion ability and the response to agitation. The countercurrent apparatus has also been used for studying phototaxis 11 . In the conventional phototaxis assay, the apparatus is placed horizontally and illumination with a fluorescent lamp or light-emitting diode is placed on one side of the apparatus. Most of the wild-type flies walk toward the light. In our study, on the other hand, we placed the apparatus vertically in the same manner as the negative gravitaxis assay and placed illumination just above the apparatus. Thus, both the phototaxis and negative gravitaxis ability can be measured using the same apparatus and manipulation, with the existence of light being the only difference. Comparison of the flies' responses will provide information about the nature of their defects. Flies with problems in their locomotion ability or in the response to agitation will not be able to climb up the tubes smoothly even if they detect light from above. They will thus fail in both phototaxis and negative gravitaxis assays. If the flies have defects specifically in their gravity detection system but are otherwise intact, they will be able to climb the tubes toward the light. These flies will fail in negative gravitaxis assay but show normal phototaxis responses.
Methods for quantifying simple gravity sensing in Drosophila melanogaster

Alternative method for analyzing gravity response
Before the development of the countercurrent apparatus, Hirsch 5 designed another method to quantify the gravitactic response of flies, which is called a gravitactic maze. In this device, flies are asked for a preference between walking up or down at sequentially arranged T-shaped choice points between ascending and descending paths. Similar to the countercurrent apparatus, the final distribution of the flies at the exit points represents the sum effect of their sequential choices. This method was preferred for studies in population genetics because of its ability to segregate a large number of flies into small groups according to their negative preference to gravity. It has also been used extensively to analyze flies with defective gravity perception.
The Hirschian gravitactic maze is complementary to the countercurrent apparatus in several aspects. First, it takes several hours to finish a single run 13 . Experiments with several mazes can be performed simultaneously in a large box to compensate this problem 9, 14 . Second, the resolution of detecting defective flies is a bit lower, because only about 20% of wild-type flies end up in the uppermost exit (among nine exits) 9 , whereas more than 50% of wild-type flies end up in the final tube (among six tubes) of the countercurrent apparatus 1 . By increasing the number of the exit points, e.g., to 15, the Hirschian maze can give a greater gradation in the gravitaxis behavior. Resolution of the countercurrent apparatus can also be improved by increasing the number of the tubes, although added weight and size of the apparatus would make its handling less convenient. The relatively low percentage of the flies in the uppermost exit of the gravitational maze even in the case of wild-type genetic background could become an advantage of this assay, because it can be used for identifying flies with increased gravity sensation. Although disruption of the gravity sensory organ is likely to cause a loss of negative gravitaxis, perturbations in higher-order neurons may possibly increase the level of negative gravitaxis.
Third, the gravitactic maze uses phototaxis to guide flies from the entrance to the exit points of the apparatus. This is convenient for discriminating flies with general locomotion defects from those with disturbed gravity sensing. On the other hand, it is not possible to examine gravitaxis of the flies if they have defects in phototaxis. The countercurrent apparatus can examine gravitaxis independently from phototaxis.
Fourth, the output of the gravitactic maze is not only affected by the flies' loss of ability to sense gravity but also by their preference to gravitational field, because flies are not agitated at the choice points of the stationary apparatus. This means that flies may not climb up, even though they can sense gravity if they have altered preference. Considering that such flies may climb up when they are agitated, comparing the flies' responses in the countercurrent apparatus and gravitactic maze would provide clues for distinguishing defective gravity sensing from altered preference to gravity. In addition, the fact that agitation is not involved in the assay makes the gravitactic maze a useful tool for testing the effect of the central excitatory state: the score may be different if the flies are run immediately after they are loaded or after 5-10 min of acclimation.
If we are interested in the mechanisms of simple gravity sensing and not in higher-order function such as gravity preference, experiments with the countercurrent apparatus seem to be more straightforward. The gravitactic maze would be useful as a secondary screening method for further characterization of the flies. We therefore describe here the method to analyze flies' simple gravity sensing with the countercurrent apparatus. Protocol of the gravitactic maze is provided by Hay and Crossley 13 . 17 , the expression of tetanus toxin can be suppressed by raising the flies at low ( < 20 °C) temperature. By moving the flies to the restricted temperature (~30 °C) for 1 day before the behavioral assay, suppression by GAL80 ts is disturbed so that the GAL4-dependent expression of tetanus toxin is induced. The toxin accumulated in the cells during this period keeps blocking the function of the neurons for several hours after the flies are moved to the temperature that is optimal for behavioral analysis (usually 24-25 °C) ! cautIon All animal experiments should be performed in accordance with the relevant authorities' guidelines and regulations.  crItIcal step It is always important to run the positive control and negative control experiments to check if the setup is working properly. Wild-type flies can be used as a positive control, whereas wild-type flies with ablated aristae can be used for negative control. The second antennal segment, which houses JO, should not be ablated, because flies may show compensated gravity response if JO does not exist (Fig. 1f,g ), which hold the tubes tightly when the apparatus is pounded on the table. A recess is formed around the hole to house the Teflon O-ring (rubber O-ring is sandwiched between the Teflon O-ring and a metal plate). The upper frame consists of the metal plate and the main frame (Fig. 1e) . As test tubes in the upper frame are inserted from above and are not prone to fall down, only the Teflon O-ring is featured between the two components. Flanges formed at the bottom of the holes of the main frame hold the open ends of the inserted test tubes (Fig. 1h) . Although it happens only rarely, it is also important to get rid of the flies that are stacked at the bottom of the holes after each trial. The test tubes should be exchanged after each test, because secretions of the flies left on the tube wall may affect the behavior of other flies introduced in the same tube 18 . Cleaning the test tubes with an ultrasonic washing machine enables their repetitive use. After all the experiments of the day, wipe the apparatus with ethanol.
MaterIals
REAGENTS
EQUIPMENT (a) General
Dark ts1 or GAL80 ts during development. This will almost double the growth time. It is important to raise the control flies in exactly the same condition as the experimental flies. Figure 1 for detailed structure and size of this apparatus (drawing is available as Supplementary Fig. 1 ). The apparatus consists of two pieces of frames made of aluminum (Fig. 1a,b) . The upper and lower frames have five and six holes, respectively, into which plastic test tubes are inserted (Fig. 1c) . The lower frame has two handles on both sides to grab the apparatus. To prevent the reflection of stray light, which may disturb phototaxis of the flies, the upper surface of the upper frame and inner surface of the lower frame, which all face the tubes with flies, are covered with black paper (Fig. 1b, c) . The upper, sliding frame has a knob (Fig. 1b) to move it against the lower frame. When the upper frame is slid to the left ('testing state', Fig. 1a) , its five tubes come on top of the left five tubes (1st-5th tubes) of the lower frame to let flies climb up to the upper tubes. When the upper frame is moved to the right ('transfer state' ,  Fig. 1b) , the tubes come on top of the neighboring tubes (2nd-6th tubes) of the lower frame to transfer the flies in the upper tube to the lower tube of the next row. A rail made of Teflon is placed at the top of the lower frame to reduce friction (Fig. 1d,e) . In order to keep the smooth movement of the upper frame, wax the slipping interface regularly. A pair of stoppers at both ends of the lower frame restricts the movement of the upper frame to align the upper and lower tubes (Fig. 1d) . The stoppers are fixed by screws, which should be checked routinely because repetitive tapping of the apparatus would loosen these screws. The lower frame consists of the Teflon rail, a thin metal plate and the main frame (Fig. 1e,f) . Each component has six holes to insert the test tubes. The bore of the holes in the Teflon rail is smaller than those in the metal parts  crItIcal step Flies should be anesthetized only at this step to avoid influence on their behavior. CO 2 can be used for brief anesthesia just for separating flies. In cases where flies need to be operated under anesthesia for a relatively long time (e.g., for ablating antennae, etc.), we recommend ice anesthesia to reduce possible damage to the nervous system.  crItIcal step Perform all experiments as blind tests. Write down only index numbers, not genotypes, on the fly culture tubes and keep the genotype information of the flies separately. Look up the genotypes only after all the data analyses are completed.
EQUIPMENT SETUP Countercurrent apparatus See
2|
Keep flies in a 12-h light/dark cycle until experiments for 2-4 days at 24 °C or for 3-7 days at 19 °C. Transfer flies to new culture tubes every 2-3 days, but not on the day of experiment.  crItIcal step When using GAL80 ts mutants 16 , raise them throughout the development at 19 °C. To block GAL80 ts -mediated suppression of the effector gene expression, transfer the flies to 30 °C for 24 h before the experiment and place them back to 19 °C 1 h before the experiment. ? trouBlesHootInG Behavioral assay 3| Keep the room temperature and humidity at desired condition before experiments (usually 24-25 °C and 40-60%, respectively). Keep the room completely dark after this step. Do all manipulation under red dim light (see supplementary Video 1 for the handling of the countercurrent apparatus). As general activity of the flies changes depending on the time of the day, experiments should be performed at fixed periods. We did experiments between 0 and 4 h after the onset of the light part ('morning') of the 12-h light/dark cycle.  crItIcal step Keep the room under pitch darkness. Use red dim light only when it is absolutely necessary (e.g., when flies are transferred into test tubes). To avoid any effect of phototaxis, do not turn on the light during the negative gravitaxis assay. 
5|
Transfer the flies into another tube using a funnel and place it to the position of the lower far left. Keep the sliding upper frame in the 'transfer state,' in which the top of the lower far-left tube with the flies is covered (see Fig. 2a ).
6| Place the rubber plate or the like on a table. Place the countercurrent apparatus with flies vertically on it. Wait for 3 min to let the flies settle down in the tube for acclimation (Fig. 2b) .
7|
Hold the apparatus and bang it down on the rubber plate strongly five times. This makes flies agitated to induce strong negative gravitaxis.  crItIcal step Two sets of experiments can be performed simultaneously by holding two apparatuses at the same time. ? trouBlesHootInG 8| After agitation, slide the upper frame quickly to the 'testing state' to allow flies climbing up from the lower tubes to the upper tubes (Fig. 2c) . Start a timer and keep the apparatus still for 30 s to let the flies choose climbing up or staying in the bottom (Fig. 2d) .
9|
Slide the upper frame to the 'transfer state' and bang the apparatus down on the rubber plate strongly five times. The flies that climbed up to the first upper tube will be transferred to the bottom of the second lower tube (Fig. 2e) . The flies are agitated again by the bang.
10| Go back to Step 8. Repeat this four more times. It is convenient to play back a prerecorded audio tape or a file with the signal sounds recorded at 30-and 5-s intervals five times during the experiment, because it will free one from manipulating the timer in darkness (see EQUIPMENT SETUP). This saves from counting flies during behavioral assay, which should be completed at a fixed period of the day. More than six trials can be performed per hour. As two sets of countercurrent apparatuses can be handled at the same time, 12 experiments can be performed per hour.  pause poInt Counted data can be stored and analyzed later.
Data analysis 12|
Record the distribution of the flies with Microsoft Excel or other statistical software. Look up the genotype information at this step using the index number of the experimental flies. This is to avoid arbitrary counting of the flies affected by expectation. As described in INTRODUCTION, the partition coefficient Cf represents the distribution of the flies in the apparatus. Calculate the score for each strain. To represent the distribution of the flies in figures, we summed up the number of the flies in the 1st and 2nd, 3rd and 4th, and 5th and 6th tubes and displayed them in a bar graph (see Fig. 3a) . It is desirable to collect n >5 data for each strain.
Vertical phototaxis assay 1|
Vertical phototaxis assay is performed in exactly the same manner as the negative gravitaxis assay shown above, with a single difference that a fluorescent lamp is hanged 30 cm above the center of the countercurrent apparatus.  crItIcal step As phototaxis is observed best in the dark-adapted state, it is important to keep the room under darkness until the onset of the experiment (after 3 min of acclimation); ~ 1 min for each trial to count the number of flies.
• tIMInG Steps 1 and 2, preparing flies: ~2 min to collect the flies for one strain Steps 3-11, behavioral assay: 10 min for each trial (two experiments can be performed in each trial)
Step 12, data analysis: ~1 min for each trial to input data into statistical software. ~1 h for further analysis. The time required for the vertical phototaxis assay is the same as that required for the negative gravitaxis assay.
? trouBlesHootInG Troubleshooting advice can be found in table 1.
Step 5 Load flies
Step 6 Wait for 3 min
Step 8 Wait for 30 s
Step 10 Repeat 4 more times Slide the upper frame and bang down the apparatus
Step 7
Step 9
Bang down the apparatus and slide the upper frame 
antIcIpateD results
We show the results of a simple gravity-sensing assay for intact and aristae-ablated wild-type flies. As expected, wild-type intact flies displayed negative gravitaxis behavior (Fig. 3a) . This behavior, but not vertical phototaxis, was abolished when the antennal aristae were ablated (Fig. 3b) . Antennal aristae-ablated flies show abnormality in negative gravitaxis but not in vertical phototaxis, which implies that these flies are normal in locomotion. We can thus conclude that the intact antenna should be necessary for gravity sensing. Cf, partition coefficient of the final distribution; *P < 0.05, Student's t-test for the Cf value.
